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Summary

Hybrid subsurface flow constructed wetlands (CWs) that consist of vertical flow
(VF) CWs and horizontal flow (HF) CWs have being used world wide to treat various
kind of wastewater, with the advantages of low cost, low energy consumption, low
maintenance requirement, and environmental friendliness. High content wastewater
(with chemical oxygen demand (COD) of 3,752 + 2,071 mgOL’l to 10,961 + 3,146
mgeL". that discharged from piggery farm and dairy farm without efficiency treatment
could cause environmental problems such as surface water and groundwater pollution,
water eutrophication, and bad odors.

With the purpose of treating high content wastewater, three hybrid CWs were
constructed to treat drainages from a piggery farm and two dairy farms. The objectives
of this study is to evaluate pollutant treatment performance of these three hybrid
subsurface CWs over several years of operation, and to better uunderstand the N
balance and transformations in hybrid CWs.

Bimonthly, water samples were collected at the inflow of each bed and final
outflow from the beginning of hybrid system’s operation. Bed material samples were
collected for N balance analysis in June 2014 and August 2014.

After 6 years, 4 years and 9 years of operation for Piggery-O, Dairy-G and Dairy-S,
respectively, the performances of whole systems were assessed.

Totally, the purification efficiencies of T-N in these three systems were 72 + 9% ~

86 + 12% in these hybrid systems, which indicated these systems performed well for N



removal. The systems also presented high COD and BOD; purification efficiencies of
around 94 + 5% to 96 + 2% and 94 + 4% to 98 + 4%, while they received high content
of COD and BOD;.

In Piggery-O, Dairy-G, and Dairy-S, the influent T-N loads were 11.2 +7.5,34 +
1.7, and 1.0 + 0.5 gem™ed”, respectively. Overall T-N removal efficiencies were 71 +
20%, 81 + 9%, and 82 + 15 % in these hybrid systems. NH,-N removal rate were 7.1 +
53,-02+0.2,and 0.4 + 0.2 gem?ed"' in Piggery-O, Dairy-G, and Dairy-S, respectively.

Piggery-O, Dairy-G, and Dairy-S showed T-P removal rates with amount of 1.0 +
09,05+0.2,0.1 +0.1 gem™ed"', respectively. And T-P removal efficiencies were 90 =+
10%, 70 £ 11%, and 64 + 29% for Piggery-O, Dairy-G, and Dairy-S, respectively.

COD removal rates were 49.7 + 504, 1184 =+ 57.1, and 25.6 + 15.3 g'm’2°d’l for
Piggery-O, Dairy-G, and Dairy-S, respectively. Dairy-G had higher influent load of
124.0 + 58.5 gem™d"' COD compared with 27.6 + 15.8 gem™ed"' of dairy S. Total COD
removal efficiencies for Piggery-O, Dairy-G, and Dairy-S were 93 + 10%, 95 + 2%, and
93 + 8%, respectively. Dairy-G also had highest removal rate of BOD;, with amount of
84.9 +52.2 gem™ed”.

After years of operation, Piggery-O presented an increasing T-N removal
efficiency year by year, and provided stable and high T-P removal efficiency. Diary-G
had high removal efficiency of T-N from the beginning of construction, and it was
stable after years of operation. While T-P removal efficiency decreased from 80 + 6% in
the first year to 69 + 11% in the forth year. Similar T-P removal tendency was also

observed in Dairy-S, due to saturation of the bed material adsorption capacity over time.
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All these hybrid systems had high and stable annual removal efficiencies of COD and
BOD; since the beginning of construction. Overall, these hybrid CWs systems could be
recognized as useful and effective methods for piggery and milking parlor wastewater
treatment over years of operation.

After years of operation, the accumulated amount of T-N removed by Piggery-O
was 15,579 kg, while the amount of T-N accumulated in bed material were 1,358 kg.
These suggest that a 91% of N removed by this system was released into atmosphere in
form of gas produced by denitrification. At each bed of Piggery-O, except that part of N
loaded out to the next bed stage, only 1~2% of received N was stored in bed materials,
while 8 ~ 37% of received N was converted into N gaseous, and then released into
astrosphere. In Piggery-O, N balance analysis also indicated that the surface organic
matter layer contained 364 % of T-N that stored in the system. Among the bed
materials, ALC took account of 21.6 % T-N absorption, while the N stored in porous
pumice gravel was 42.0 %. For Dairy-S, the whole system removed 1,795 kg, T-N,
while the amount of T-N stored in beds was 869 kg, and nearly 52% of received N was
released into atmosphere. In addition to large amount of received N was converted into
N gaseous, nearly 9~35 % of received N stored in each bed materials. In the 1* bed,
where nearly 690 kg of N was stored in the surface covering organic matter layer, which
contained 87.3 % of T-N removed by system bed material. This indicated that surface
organic matter layer might be an un-negligible way for N removal in hybrid system
treating milking parlor wastewater. Totally, bed materials such as pumice gravel, ALC

as well as clinker ash had high N absorptivity compared with river gravel and sand.
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Chapter 1 Introduction

1.1 Background of constructed wetland
1.1.1 Instruction for constructed wetland

Wastewater that discharged into watersheds or surrounding environment without
treatment or efficiency treatment, would has serious impacts on environment quality
and would pose a serious threat to aquatic life and pubic health. Further more,
wastewater can negatively affect the use of water for drinking, household needs,
recreation, fishing, transportation, and commerce (Doosti ef al., 2012). For example,
high content nitrogen into natural water would cause eutrophication of lakes and rivers
(Xinshan et al., 2010), which results in poor water flavor and odor. Untreated organic
materials often deplete dissolved oxygen (DO) concentration availability, leading to the
death of aquatic organisms.

Many Conventional wastewater treatment processes are designed to achieve
improvements in the quality of the wastewater, such as active sludge process (ASP),
rotating biological contactor (RBC), stabilization ponds, and sequence batch reactors
(SBR). Compared with other wastewater treatment methods, constructed wetlands
(CWs) have the advantages of simple construction and low maintenance and
eco-friendly (Cooper, 1999; Kadlec and Wallace, 2009; Saeed and Sun, 2012; Tanner
and Sukias, 2003; Vymazal, 2007).

Take advantage of processes that occur in natural wetlands, constructed wetlands
are designed and constructed by use of rooted water tolerant plants and gravel or soil

media (Kadlec and Knight, 1996). Hence they could create more controlled ecological



conditions for treating wastewater in physical, chemical and biological ways (Vymazal,
2005; Wallace and Knight, 2006). CWs that used for sewage, industrial, agricultural,
landfill and others wastewater treatment have been reported in recently decades (Cooper,
1999, 2001; Gaboutloeloe et al., 2009; Vymazal, 2005, 2013).

There are several categories of CWs according to macrophytes and water flows.
Based on the type of macrophytes, CWs are classified into 4 groups: free-floating
macrophytes, floating-leaved macrophytes, submerged macrophytes and emergent
macrophytes. Depending on wastewater flow levels, CWs could be named as free water
surface (FWS) and subsurface flow (SSF). Surface flow CWs are similar to natural
wetlands, with shallow flow of wastewater (usually less than 60 cm deep) over saturated
substrate. Subsurface flow CWs usually use gravel, sand, or other filters as the main
media to support the growth of plants. Also, according to wastewater flow pattern that
pass trough media matrix of CW, subsurface flow CWs could be divided into horizontal
flow (HF) and vertical flow (VF) (Vymazal, 2008; Imfeld et al., 2009). When
wastewater flows vertically or horizontally through the substrate, it begin to contact
with microorganisms living on the surfaces of plant roots and substrate, and pollutants
were removed from the wastewater (Cooper et al., 1996; Kadlec and Knight, 1996). In
addition, based on the flow direction, VF CWs have up flow and down flow types.

Hybrid CWs that consist of various types of CWs could cover the limitation of
each single CW, and achieve higher treatment effect. And in hybrid subsurface flow
CWs, mainly HF and VF CWs are used to complement each other to provide suitable

conditions for nitrification and denitrificaton. VF CWs can provide a good condition for



nitrification due to aerobic conditions existed in the filter bed. HF CWs are often in

anaerobic conditions due to the limited oxygen transfer capacity of the bed, and hence
provide conditions for denitrification (Vymazal, 2005, 2007). It was also documented
that VF CWs are extremely effective in removing suspended solids and BOD; (Brix et

al.,2002).

Treatment for wastewater from Piggery and dairy farm

Livestock is one of the main sources of point source nitrogen contamination.
According to global level, livestock industry released 135 million tones of nitrogen in
the form of excreta and Asia is the largest contributor (Food and Agriculture
Organization of the United Nations). In recent decades, there have been a number of
studies regarding high content wastewater, such as piggery urine and dairy parlor
wastewater discharge. Cronk (1996) studied CW treatment of wastewater from dairy
and swine operations and found that surface flow wetlands were most common. Shamir
et al. (2001) used surface flow CWs to treat dairy wastewater. Kantawanichkul and
Somprasert (2005) studied the efficiency of a pig farm wastewater treatment CW,
featuring VF above HF. There have also been studies regarding CW performance for
treatment of livestock and dairy farms’ wastewater (Borin et al., 2013; Dunne et al.,
2005; Healy et al., 2007; Knight et al., 2000; Reeb and Werckmann, 2005; Tanner et al.,
2005). Among the studied high content wastewater treatment systems, most of them
were not hybrid subsurface flow CWs. Some hybrid systems have been evaluated, but

many of those studied have been in a pilot phase or built to an experimental scale. There



is limited data regarding field scale hybrid subsurface flow CW systems.

As in Japan, livestock industry generates about 83 million ton of waste on an
annual basis (28% from dairy; 29% from beef cattle; 27% from swine; 9% from layer
and 6% from broiler) (Ministry of Agriculture, Forestry, and Fisheries, Japan), and
roughly 25% of all the complaints filed against livestock industry are related to water
pollution (Ministry of Agriculture, Forestry, and Fisheries, Japan). Discharge standards
(total nitrogen limit of 120 N-mg /L, daily average of 60 mg-N/L) have been applied to
facilities that are releasing more than 50 m’per day. As of 2014 and 2015, there were
246 piggery farms and 6,680 dairy farms in Hokkaido, Japan (Ministry of Agriculture,
Forestry, and Fisheries, Japan). These farms produce large amount of high content

wastewater, which must be effectively treated to prevent environmental problems.

However, although CWs are convenient for wastewater treatment, clogging
problems might occur in CWs after years of operation, because pollutants accumulated
in the CWs could result in gradual clogging of the medium (Cooper et al., 2008; Nivala
et al., 2012). The longevity of CWs in the literature varied in recently years, from 15
years (Bavo and Schulz, 1993) to 10 years (Wallace and Knight, 2006), and to 8 years
recently (Griffin et al., 2008). So the long-term assessment of CW performance should
be preceded. Moreover, there are lesser data regarding long-term hybrid subsurface flow

CW performance.



1.1.2 Removal mechanism

Hybrid CWs provide ideal environment for wastewater treatment. Different types of
pollutants could be removed through a complex cooperation of plants, media, bulk
water and biomass population (Fountoulakis et al., 2009).
N removal
Nitrogen exists in wastewater mainly in inorganic and organic forms. The inorganic
nitrogen including ammonium (NH,-N), nitrate (NO-N), nitrite (NO,-N), nitrogen gas
(N,), nitrous oxide (N,O), nitric oxide (NO,), nitric oxide (NO), and free ammonia
(NH,). Among the gaseous nitrogen, N,O is a kind of green house gas. The organic
nitrogen is usually in form of amino acid, urea, uric acid, purine and pyrimidine (Kadlec
and Knight, 1996). If the raw wastewater were rich with organic nitrogen,
ammonification would occur firstly to transform organic nitrogen into ammonium
(Savant and DeDatta, 1982).

Nitrification

If NH,-N is dominant in wastewater, the step of Nitrification was presented.
NH,-N is nitrified into nitrite (NO,-N) then into nitrate (NO,-N) with the help of
chemolithotrophic bacteria. The overall nitrification reaction in Kadlec and Knight’ s

report (1996) was written as:

NHY 4 163 00 + D9BHCO, — 0021 GH.NO; + 1.04H,0 + 0.98 NOJ +
1. BBH, 00,

Equation 1-1

Denitrification



If the organic compounds presented in wastewater and serve as electron donors,
denitrification occurs. NO;-N is transformed into N,, N,O or NO. In this step,
facultative bacterial groups were involved. The denitrification reaction is as follows
(Kadlec and Knight, 1996):

NO; +L0B CHyOH + 0.24H:00; — 0056 CH-NOs + L6BH.0 + HCOST +
0.4 7N,

Equation 1-2
Besides these classical N removal routes (ammonification, nitrification,
denitrification, plant uptake, biomass assimilation, dissimilatory nitrate reduction,
ammonia volatilization, and adsorption), new discovered N removal rates processes
were reported: such as partial nitrification-denitrification (Jianlong and Ning, 2004;
Zhang et al.,2011), Anammox (Anaerobic ammonium oxidation) (Strous et al., 1997)

and Canon (Completely autotrophic nitrogen removal over nitrite) (Third ef al., 2001).

Organic compounds

Organic matter could be decomposed by both aerobic and anaerobic microbial processes,
as well as by sedimentation and filtration of particulate organic matter in CWs. Organic
matter is composed of a complex mixture of biopolymers (Megonikal et al., 2004). For
soluble organic matters, aerobic degradation is preceded by the aerobic heterotrophic
bacteria. These bacteria use oxygen as the final electron acceptor (Garcia et al., 2010),

and could oxidize organics into carbon dioxide. If the system were lack of oxygen, the



performance of aerobic biochemical oxidation would be reduced. The process of
aerobic degradation is as follows:

Cela0p =60, =600, + 0H.0 Equation 1-3

For anaerobic degradation, they were carried out by anaerobic hetertrophic bacteria,
the organic compounds were converted into new bacterial cells, methane and carbon
dioxide through several steps, for example, fermentation and methanogenesis occur in

anaerobic zones of wetlands (Kadlec and Knight, 1996).

Phosphorus

Phosphorus (P) presented in wastewater primarily as phosphate in organic and inorganic
compounds (Vymazal, 2007). Organic P forms include easily decomposable P (nucleic
acids, phospholipids or sugar phosphates) and decomposable organic P (inositol
phosphates or phytin) (Dunne and Reddy, 2005). P transformation in wetland includ
peat/soil accretion, soil adsorption and precipitation, macrobiotic uptake, and plant
uptake. Usually, microbial uptake and plant uptake of P in CWs is low. Depending on
the types of CWs, the P transformation potential varies. When special filtration
materials are used, the HF CWs and VF CWs performed high adsorption, and low
precipitation occurs especially if gravel is used. Overall, P removal in CWs including
sorption on substrates, storage in biomass and sediments (Kadlec and Knight, 1996).
When CWs substrates become saturated with P, the removal capacity varies (Dunne and
Reddy, 2005). When wastewater has low concentrations of P, there is a net movement

of P from substrate to water until there is equilibrium between substrate and pore water



P concentrations. In addition, Phosphate can be released (desorbed) from the metal

complexes depending on the redox potential of the sediment.

Suspend Solid

VF and HF CWs could provide opportunities for suspend solid (SS) separations by

gravity sedimentation, adsorption on biomass film attached to gravel and root systems.

1.1.3 Factors that affect pollutant removal

In order to better understand hybrid subsurface flow CW performance, there have been
some studies regarding the influence of environmental factors upon treatment efficiency.
Environmental factors, such pH, dissolved oxygen (DO), temperature, and redox
condition could affect the removal of N and organics in CWs.

Literature reports indicate that the highest rate of denitrification is observed at a pH
range 7.0-7.5 (U.S. EPA, 1975, Saeed and Sun, 2012), and ammonium volatilization
might presented while the pH rarely surpasses 9.0.

Considering denitrification, the DO concentration should be maintained at < 0.3-
0.5 mgeL"', to accomplish nitrate reduction (Saeed and Sun, 2012), and organic
compound would compete with nitrification if system were lack of DO (Tanner and
Kadlec, 2003). Artificial aeration could significantly improve oxygenation for
nitrification in hybrid subsurface flow CWs (Maltais-Landry et al., 2007).

The literature review reported that nitrification was dependent on temperature; the

researchers found favorable conditions for nitrification between 16.5°C and 32°C, and



unfavourable conditions at lower temperatures (Saeed and Sun, 2012). In summer
period, the hybrid system had high removal efficiency of N and organics compared with
in winter period (Tuncsiper, 2007; Langergraber et al., 2007; Nivala et al., 2007). In the
study reported by Paredes et al. (2007), nitrite oxidation is inhibited and accumulated
when the DO concentration is lower than approximately 2.5 mgeL"'. Mietto et al. (2015)
also reported that temperature affected N removal in a hybrid system.

There are a number of studies regarding the addition of carbon from external
sources and the effect of C/N ratio on the treatment efficiency (Isasscs et al., 1995; Kim

etal.,1997; Zhao et al.,2011; Zhu et al., 2014).

1.2 Objectives

This study focus on the treatment of CWs used for urine wastewater from a piggery
farm with 159+60 to 1,433+342 mg total N (T-N) L', and milking parlor wastewater
from two dairy farms with chemical oxygen demand (COD) of 3,752+2,071

~10,961+3,146 mgeL".

This study built upon the previous research reported by Kato et al. (2013a,b) and
Sharma et al. (2011, 2013). And this study could offer design and operational

methodologies for further research.

The objectives of this study are: (1) to evaluate the performance of full-scaled
hybrid constructed wetland treating high content piggery wastewater and milking parlor

wastewater over years of operation in cold climate; (2) to evaluated environmental



parameters, as they relate to pollutant removal efficiency; (3) to provide the N balance

and transformations in CWs constructed with different filter materials.

1.3 Thesis outline

Chapters 2 mainly focus on materials and methods used in this study. Chapter 3
indicates the performance of hybrid systems, including the wastewater purification
efficiency and removal efficiency of each system, pollutant removal efficiency at each
bed of the whole system, system performance in both warm and cold period, and the
yearly treatment tendency. Factors that affect pollutants treatment efficiencies were
analyzed. Chapter 4 illustrated the N balance and transformations in Piggery-O and

Dairy-S. Chapter 5 includes the conclusions of the whole study.

10



Chapter 2 Materials and methods

2.1 Study site

The hybrid subsurface flow CW system treating livestock wastewater from O piggery
farm is located in Chitose (Piggery-O, N42°49', E141°44"), the system treating milking
parlor wastewater from G dairy farm is located in Takinoue (Dairy-G, N44°8', E143°2"),
and the system treating milking parlor wastewater from S dairy farm is located in
Embetsu (Dairy-S, N44°45', E141°48"), Hokkaido, Japan (Fig. 2-1). Dairy-S was located
in a heavy snow falling area, and the annual total precipitation of Embetsu was 1,126 +

195mm.

Basic meteorological information such as average air temperature, average
precipitation, construction year and assessment period is shown in table 2-1.
Assessment period in this study is from the beginning of system operation to December
2015. Average maximum air temperatures were 31 + 2°C, 34 + 1°C, and 30 = 1°C and
average minimum air temperatures were -23 = 1°C, -30 + 0.7°C, and -21 + 22°C for
Piggery-O, Dairy-G, and Dairy-S, respectively. Local meteorological data were
provided by Automated Meteorological Data Acquisition System (AMeDAS) of Japan

Meteorological Agency.

11
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Takinoue (G) ¢
T

4

Chitose (O)

Fig. 2-1 Location of three hybrid subsurface flow CWs in Hokkaido, Japan.

Table 2-1 Precipitation, temperature, construction year of the hybrid subsurface flow

CWs, and assessment period.

Annual Annual air
. S Constructed  Assessment
System Location precipitation  temperature iod
(mm) °C) year pere
. . Dec.2009-
Piggery-O Chitose 1,018+83 7404 2009 Dec.2015
. . May 2011-
Dairy-G Takinoue 1,060+114 7.1+0.3 2011 Dec 2015
. Nov.2006-
Dairy-S Embetsu 1,126+195 7.0£04 2006 Dec.2015

Note: Average values represent mean =+ standard deviation.

12



2.2 Raw wastewater quality and characteristics

Piggery-O system received piggery urine wastewater from a pig farm, where there were
2000 pigs and cows. The average inflow rate was 11.6 + 7.1 m’sd’', with an original
COD concentration of 6,340+3,396 mgeL"', and T-N concentration of 1,433£342 mgeL".
Dairy-G system received washing milking parlor wastewater from a dairy farm breeding
500 milking cows. The average inflow was 33.2 + 6.9 m’d’'. T-N original inflow
concentration was 300 + 92 mgOL", while COD influent concentration was 10,961
+3,146 mgeL"', which was highest among these three hybrid systems. For Dairy-S
which was also used for milking parlor wastewater treatment, received an inflow of 4.8
+ 0.9 m’sd’', and COD influent concentration was 3, 752 + 2,071 mgeL", and for T-N
inflow concentration was 159 + 60 mgeL"'. There were 120 milking cows in the dairy
farm. More details of original inflow characteristics of 3 hybrid systems were shown in

Table 2-2.

13
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2.3 Hybrid subsurface flow constructed wetlands

2.3.1 Outlines of hybrid systems

2.3.1.1 Piggery-O

Schematic diagram of Piggery-O is shown in Fig.2-2. Piggery-O hybrid subsurface flow
CW is consisted of four VF (V) beds and one HF (H) bed, in form of Vr-Vr-V-H-V,
where Vr means wastewater recirculation occurs in the V beds. After piggery slurry
discharged from the farm was separated into solid part and liquid part, the liquid part
was dosed into the hybrid system. Part of the effluent from the 3 V was pumped into 1*
Vr and 2™ Vr in order to improve total performance. The surface of 1" Vr was divided
into three zones while 2™ Vr and 3™ V were divided into two zones, these zones could
be used alternately to maintain dry conditions like in a French system (Molle et al.,

2005). The resting and feeding periods were 1-2 weeks.

"o | | astvr andVr | i Lagoon | | 3rdV 4th H 5th V
: 572m2 446m?2 | : reservoir | 184m? 195m? 75m2

Solid - liquid

separation J/ VW)

QU L AT
I S 1 POPumicel| =gk =™ Pumice S
L 2R ®C1o50mm| =,

g OO0000| & °k

|
In I recirculation recirculation | @

Sampling Siphon  [P]Pump  (P) Pump for recirculation

Fig. 2-2 Schematic diagram of Piggery-O hybrid system.
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In order to avoid clogging and frozen problems that would be happen in hybrid
systems treating dense wastewater in cold climates, several steps were taken (Kato et al.,
2013a,b). A safety bypass structure (Fig. 2-3) was used as an “emergency door”’. When
bed surface was temporarily clogged and percolation stopped, by using of this bypass,
wastewater drained downward through these bypass pipes. In addition, a floating cover
material named Supersol (TRIM Co., Ltd., Okinawa, Japan) was used to overcome
clogging and frozen in cold climate, because that it could floats on the water and act as
an obstruction to surface flow to change partially clogging and act as an insulating

material to prevent frozen in winter.

Fig. 2-3 Surface partition and reinforced safety bypass.
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Total area of Piggery-O was 1,472 m’, volcanic porous pumice gravel with
different size (L, large size; M, middle size; S, small size) was used as the main bed
material. Construction details such as each bed area, bed materials, surface covering
material, and main vegetation were shown in Table 2-3. Common reed (Phragmites
australis) was the main vegetation planted in 1% Vr, 2" Vr, 3 V and 5" V, and it was
not harvested. For 4™ H, various upland crops and wetland flower species were planted

to evaluate the adaptation of different plants.

Table 2-3 Bed type and area, depth, main bed material, surface covering material, and

vegetation of Piggery-O.

Bed area Depth  Main bed Surface covering

System Bed type Main vegetation
(m”) (m) material material
1" Vr 572 0.65 PG ALC Phragmites
2" Vr 446 0.65 PG Supersol; ALC Phragmites
Piggery-O 3V 184 0.65 PG Supersol; ALC Phragmites
4"H 195 0.68 PG Supersol; ALC Upland crops
5"V 75 0.65 PG Supersol; ALC Phragmites

Note: ALC: autoclaved lightweight aerated concrete. PG: Pumice gravel.
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2.3.1.2 Dairy-G

As shown in Fig. 2-4, Dairy-G system is consisted of four vertical beds and a horizontal
bed, in form of Vr-V-V-H-V. Part of the effluent from the 3 V was pumped into 1* Vr.
The surface of 1 Vr was divided into three zones while 2™ V and 3™ V were divided
into two zones. Supersol was also used as main cover material in 1*'Vr to avoid clogging

problems. In addition, bypass structure was also used in this system.

S ——

| Milking parlor 1|~ 1=t v " Floating matenal
| wastewater '| 990 m?2 - L ebettesitl
bepeem—— 1

v fYrvyvyy //' 2nd
1 LLLy 810 m?
B whporrh ) —
—— Uy : 3y
® - (‘“ ______ VY 500 m?

L]
1
Mixing ; : ; a 117227 :
Septic . {frgravelo| A aEISERTRS - 500 m? 5thv
Tank : Tg AAAAAAAA s 5 .‘ ' HU = = 248 m?
; ........... g v A w (111111
i Bypass.® : gravel : 5,._ ARARRA “',',"
p|pes : | Sesennnnnnnds > = E rrrrrry ¥ !__‘1,_1_,:
| ...........: ® . graVeI SENEREYS A ]
i recirculation  Siiiiap [osondly A Thog
® qun.p ............................... 8 ' : égravel
igravel i (P : =

Self-priming siphon

Sampling site
Fig. 2-4 Schematic diagram of Dairy-G hybrid system.

Total area of Dairy-G was 3,048 m?, the bed depth was around 0.75m. River gravel
was used as the main bed material in this system, and Supersol was the main surface
covering material. More construction details were shown in Table 2-4. Common reed
(Phragmites australis) was main vegetation planted in this system and it was not

harvested.
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Table 2-4 Bed type and area, depth, main bed and surface covering material, and

vegetation of Dairy-G.

System 3};2 Be(clinzir)ea D(?E)th 1\1/1[1211:61: r?zld Surfi(lzstec;)izfring Main vegetation
I Vr 990 0.75 River gravel Supersol Phragmites
24V 810 0.75 River gravel Supersol Phragmites

Dairy-G 3¢V 500 0.70 River gravel Supersol Phragmites
4" H 500 0.70 River gravel Supersol Phragmites; others
5"V 248 0.65 River gravel Supersol Phragmites
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2.3.1.3 Dairy-S

Fig. 2-5 shows the schematic diagram of Diary-S system treating milking parlor
wastewater. Diary-S system is consisted of two V beds and one H bed, in form of
V-Vr-V. Part of the effluent from the 2™ Vr was pumped into the influent of 2™ Vr to
improve the total performance. The surface of 1" V and 2™ Vr was divided into two
zones to maintain dry condition. Supersol and ALC were used as surface covering

material. Bypass structure was also used in this system.

INFLUENT
160 m? Top layer of

Ll __‘Supersol’
| ! N ,
T e —
S d
5 |
A 4
3rd H
336 m2
T: Sedimentation tank :
. SAND
S: Siphon
Carre ————xd
P: Pump

f:ﬁ: Sampling site

% EFFLUENT

Fig. 2-5 Schematic diagram of Dairy-S hybrid system.

Total area of Diary-S was 656 m?, with depth around 0.70 m. In the 1* V, river
gravel was used as bed material, while it used a combination of river gravel and clinker
ash as main bed material in 2" Vr. Since the wastewater contains large amount of
ammonia and organic nitrogen, it was most likely that the treated water acidifies due to
nitric acid that was produced from nitrification, hence clinker ash was installed in the
2" Vr to provide alkalinity. While in 3" H, sand was used as bed material. More

information of bed type and area, depths, main bed and surface covering material, and
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vegetation was shown in table 2-5. Common reed (Phragmites australis) was the main
vegetation planted 1" V and 2" Vr, and besides reed, other plant such as rice for

experiment, cattails and other weed existed in 3™ H.

Table 2-5 Bed type and area, surface cover and main bed material, and vegetation of

Dairy-S.
Syst Bed Bedarea Depth Main bed  Surface covering Mai ati
ystem type (m?) (m) material material am vegetation
1*V 160 0.75 River gravel Supersol Phragmites
Dairy-S 2" Vr 160 0.71 Clmker ash; Supersol Phragmites
river gravel
3*H 336 0.72 Sand ALC Phragmites; others

Note: ALC: autoclaved lightweight aerated concrete.
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2.3.2 Hydraulic load

Piggery O’s average hydraulic loading rate was 0.8 cmed’'. In summer period, the
recirculation frequency from the 3" V into the 1* Vr was once every 3 hours and lasted
for 30 minutes each, while it was same frequency to dose wastewater from the 3" V into
the 2™ Vr but lasted for 90 minutes for each pumping. In winter period, the recirculation
frequency from the 3" V into the 1" Vr was once everyday and lasted for 20 minutes
each, while it was also once a day from the 3" V into the 2" Vr but lasted for 30
minutes. The recirculation rate of effluent pumped from the 3 V into the 1* Vr was
140 % and it was 80% in the 2™ Vr. Dairy G’s average hydraulic loading rate was 1.1
cmed’, while the recirculation scheduled only 15 minutes once a day, with a
recirculation rate of 10%. Dairy S’s average hydraulic loading rate was 0.7 cmed™', and
nearly 50% of effluent from 2" Vr was dosed into the influent of same bed, with

recirculation of 12 times per day, lasting 1 hour each time.

2.4 Sampling and analysis

Water samples were collected at the inlet of each bed and the final outlet, either
monthly or bimonthly. At the sampling time, bottles were thoroughly rinsed with water
to be sampled, and environmental parameters such as pH, electrical conductivity (EC),
DO, oxidation-reduction potential (ORP), and water temperature (T) was recorded in
situ during field measurement. After sampling, water quality indicators such as

biochemical oxygen demand (BOD;), SS, and total coliform (T. Coli.) were analyzed
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immediately. Water samples for total carbon (TC), COD, Total N, ammonium-N
(NH,-N), Nitrate-N (NO5-N), Nitrite-N (NO,-N), Organic-N (Org-N), Total phosphorus
(T-P), phosphate (PO,-P), and Organic-P (Org-P) were stored in a refrigerator for

laboratory analysis.

In the lab, SS was measured by suction filtration method (filtration at 45um and
drying at 105°C) (APHA 1992). T-N and T-C were measured with an elemental
analyzer (Elementar vario MAX; Elementar Analysensysteme GmbH, Hanau,
Germany). NH,-N was measured using a segmented-flow analysis system (QuAAtro;
SEAL Analytical GmbH, Norderstedt, Germany). Org-N was calculated by subtracting
the inorganic nitrogen (NH,-N and NO;-N) from T-N. T-P was measured with a
colorimeter using the molybdenum blue ascorbic acid reduction method after
decomposition by peroxodisulfate, PO,-P was measured according to molybdenum blue
visual colorimetric method (JIS KO0102 46.3.1, Japan). COD was measured by
spectrophotometer (DR2800; Hach, Loveland, CO) using a digital reactor (Hach

DRB200) and disposable COD digestion vials (Hach).

Analysis methods referred to Standard Methods for the Examination of Water and

Wastewater (APHA, 1992), and Testing Methods for Industrial Wastewater (JIS, 1998).

2.5 Water flow
Water flow rate was calculated by measuring the changes in the siphon tank’s water

table positions. Water table was recorded every 10 mins using pressure-type water-level
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gauge equipped with a data logger (DL/N70; Sensor Technik. Sirnach (STS) AG,
Sirnach, Switzerland or S&DL Mini Oyo Corp., Tokyo, Japan). Flow rate was adjusted
to take into account of precipitation and evapotranspiration in each bed. For Piggery-O
and Dairy-G, all data from each data logger were used to calculate the flow. But for
Dairy-S, due to low flow and entrapment of garbage, development of biofilm and
interference of insects, this system used only the water table change data from the first
siphon tank and calculated rest of the flow by incorporating evapotranspiration and
precipitation multiplied by the bed area. Potential evapotranspiration was calculated
using the Penman method and precipitation data were retrieved using a tipping-bucked
installed on site or from the AMeDMS of the Japan Meteorological Agency that near to

the hybrid system.

2.6 Calculation

Purification efficiency (PE), removal efficiency (RE), and removal rate were used to

evaluate treatment efficiency of these hybrid systems.
Purification efficiency (%) = (C,,—C,,) x100/ C,,
Removal efficiency (%) = (L,,— L,,,) x100/L,,
Removal rate (gem™ed’) =L, - L,,
L (gem™ed’) = (Concentration x Flow rate) / Bed area

Where, C,, and C

out

are pollutant concentrations in influent and effluent,

respectively. L is pollutant load in wastewater, while L,, and L, are the pollutant loads
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in influent and effluent, respectively, with a unit of gem™ed™".
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Chapter 3 Performance of treatment efficient of hybrid systems
3.1 Piggery-O

3.1.1 System running conditions

Environmental parameters such as pH, DO, ORP, EC and water temperature, as well as
flow rate at the inlet of each bed and final outlet of Piggery-O system was shown in
table 3-1. Compared with air temperature, water temperature in these systems varied
from 10.9 £ 8.0°C to 16.4 + 7.9°C. The ORP at each inlet and final outlet was normally
positive, with an average value around 136 + 143 mV to 335 + 88 mV, which created
conditions for N reduction, and there was an increasing tendency from the 1% Vr to 5" V.
Piggery-O’s pH values ranged from 6.9 + 0.8 to 8.3 = 0.5, which was suitable for
nitrification. Totally, a slight decreased pH tendency existed in this system, which could
relate to H" or HCO; produced in N nitrification or denitrification, which decreased pH
value. DO varied between 2.3 + 2.6 to 4.6 = 2.7 mgeL" in piggery O, and EC decreased
from 10.8 + 2.8 to 3.8 + 0.6 mSecm’', cause that the inflow wastewater was

concentrated. Piggery-O inflow rate was around 11.6 + 7.1 m’sd™".

Table 3-1 Environmental parameters and flow rate at the inlet of each bed and final

outlet of Piggery-O.

1 Vr 2" Vr 3V 4"H 5"V Out
pH 83+0.5 8.0£0.5 7.7+£0.5 77405 75206 6.9+0.8
T °C 164£79 129475 11.84£73 11.3+£7.7 11.1£7.6 10.9+8.0
DO mgeL’ 23+26 33428 3720 43+£2.4 3727 4.6£2.7
ORP mV 136143 225+102  248+95 265+101 294+88  335+88
EC mSecm” 10.8+2.8 6.2+1.5 5.1+0.7 48+0.7 4306 3.8+0.6
Flow rate m’ed" 11.6+7.1 269+17.5 42.1+259 11.8+6.7 12.0+69 12.1£7.0

Note: Average values represent mean + standard deviation.
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3.1.2 Pollutant purification efficiency

Piggery-O was monitored and evaluated during six years of operation. Table 3-2 shows
pollutant concentration at the inlet of each bed and final outlet, along with overall
purification efficiency. Totally, Piggery-O performed high T-N purification efficiency
although it received high content wastewater, and the concentration decreased from
1,433 + 342 mgeL' to 402 + 104 mgeL", with purification efficiency around 71 + 9%.
This value is similar with the one reported by Vymazal and Kropfelova (2015). T-N
concentration in all systems decreased gradually after wastewater passed through each
bed, except that T-N concentration almost remained same after passed through the 5" V.
This was reasonable because that although NH,-N was transformed into NO;-N, N was
not released into atmosphere in form of N gaseous since denitrificaiton didn’t occur
efficiently in 5" V. As a result, N still remained in the wastewater. The treatment
tendency of NH,-N was similar with T-N treatment at each bed. NH,-N concentration
also decreased gradually at each bed and the purification efficiency was 82 + 14%. For
T-P, the average inflow concentration was 145 + 148 mgeL"' while the final outflow
concentration was 14 + 5 mgeL"', with an average purification of 91 + 6%. Both Org-P
and PO,-P existed in the wastewater had a decreased tendency after wastewater passed
through the whole system. COD and BOD; performed purification efficiency of 94 +
6% and 98 + 4%, respectively. T-C’s purification efficiency was 91 + 8%. Purification
efficiency of T. Coli and SS was nearly 100%, and most of them were reduced sharply
after passed through the 1" Vr, this fact has been reported by others (Vymazal and

Kropfelova, 2015).
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The composition of N and P in the inflow of each bed and final outflow is shown
in Fig. 3-1. NH,-N took account of a large amount of T-N in the original inflow
wastewater, and this percentage decreased from 79 % to 31% after wastewater passed
through each bed, meanwhile, the concentration of NO;-N increased after passing
through each bed gradually, and the composition varied from 2% to 48%. This means N
nitrification in this system performed efficiently. In addition, the amount of NO;-N
increased was not proportional with the amount of NH,-N decreased, which indicated
that denitrification also existed in the hybrid system, by which NO;-N was transferred
into N gaseous. For P, both Org-P and PO,-P occupied large amount of T-P in the
original inflow wastewater, and this amount decreased sharply after passed through the
1** Vr. And then, Org-P decreased gradually after passed through the other beds, while

for PO,-P, it didn’t decrease obviously.
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Fig. 3-1 The composition of N and P in the inflow of each bed and final outflow of

Piggery-O.
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3.1.3 Pollutant load, removal rate and removal efficiency

Pollutant’s original inflow load, final outflow load, removal rate and removal efficiency
of whole Piggery-O system is shown in table 3-3. In Piggery-O, the inflow T-N load
was 112 + 7.5 gem?d’', while the removal rate was 7.9+7.3 gem?ed’, with T-N
removal efficiency 71 + 20%. The T-N removal rate was higher than the average
removal rate of 4.2 + 5.1 gem”ed" reported in Vymazal’s review (2013). The NH,-N
removal rate was 8.1 + 5.4 gem?ed'. For T-P, the influent load was 1.2 + 0.9 gem™ed’',
while the removal rate was 1.0 + 0.9 gem™sd"', with removal efficiency of 90 + 10%.
The whole system received high load of T-C, COD and BODs, and it performed good
removal efficiency of 88 + 13%, 93 + 10%, and 97 = 7%, respectively. The removal
efficiency of SS and T.Coli reached nearly 100%. These removal efficiencies indicated
Piggery-O system performed well for pollutants removal.

Table 3-3 Pollutant load in the original inflow (load in) and final outflow (load out),

total removal rate, and removal efficiency of Piggery-O.

T-N NH.-N T-P COD BOD; SS
Load in gem’ed” 112475 8.1+£54 1.2+09  53.5+52.1 16.5+189 12.6+12.3
Load out gem’ed” 32+19 1.0+1.0  0.1+0.1 38+3.6 0405 0304
Removal rate gem?ed’ 7.9+7.3 7153 1.0+0.9 49.7£504 16.1+£18.7 12.3%12.2
Removal efficiency % 7120 87+22 90+10 93+10 97+7 98+5
T-C PO,-P Org-P Org-N NO;-N
Load in gem’ed” 23.8+20.1 04+03 0.8+£0.7 29436 03105
Load out gem?ed” 2.8+3.1 0.1£0.1 0.1£0.1 0.8+1.0 1.4+0.7
Removal rate gem?ed”’ 210184 03+03 0.7+0.7  2.143 -1.1+0.8
Removal efficiency % 88+13 7622 97+6 74+22 -
T.Coli.
Load in CFUem?ed" 2114331
Load out CFUem?ed" 112
Removal rate CFUem®ed" 210+331
Removal efficiency % 100£165

Note: Average values represent mean + standard deviation.
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Fig. 3-2 shows average inflow load and outflow load, removal rate as well as
removal efficiency at each bed of Piggery-O. According to this, we can see the received
load and removal efficiency of each bed. For T-N, the removal rate decreased from 14.5
+ 13.9 gem™ed" in the 1" Vr to -0.6 = 5.6 gem™sd" in the 5" V. Similarly, the 1" Vr
performed highest removal efficiency around 51 = 19%, while the 5" V performed
negative removal efficiency. For T-P, the 1* Vr had highest removal efficiency of 71 +
17% while it received a load of 3.0 + 2.3 gem™ed. All five beds performed positively
for T-P removal, and the 3" V received a high load and performed low removal
efficiency. For T-C removal, all beds received loads between 39.5 + 38.3 g°m’2-d’l and
163.7 + 150.1 gem™ed, this was higher than the loads reported by Vymazal (2013), and
nearly 59 + 23% of received T-C was removed by the 1* Vr, although this removal
efficiency decreased in the following four beds, the system still performed a high value.
For COD and BOD, the 1" Vr had highest removal efficiency, and the 3“ V had the
lowest value. Totally, the 3 V performed lower removal efficiency compared with

other beds, and the 1* Vr and 2™ Vr removed a large amount of pollutants received.
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3.1.4 Yearly removal performance
Fig. 3-3 shows annual inflow load and final outflow load of T-N, NH,-N, T-P, T-C,
COD, BODq, SS, and T.Coli. in form of box-and-whisker diagrams, along with annual

removal efficiency of Piggery-O.

Totally, the yearly received T-N was around 7.0 ~ 21.5 gem™ed". In the first year,
T-N’ removal efficiency was not high, after one year’s operation, it increased to 66%,
and maintained at 62 ~ 88% in the following years. The NH,-N performed stable and
high removal efficiency ranged 80 ~ 90 % after one year’s operation. For T-P, the
system presented high removal efficiency of 80% from the beginning of construction.
This could be attributed to the use of pumice gravel as the bed material. Pumice gravel
can potentially enhance treatment efficiency of P due to its high P adsorption capacity.
The removal of organic matter such as T-C, COD and BOD; in this system also
performed high value in the first year, and the removal efficiency of them reached 90%
in the second year, and maintained stable since then. These could be explained by an
increase of microorganisms involved in N transformation and organic removal after
years of construction and the gradual improvement of conditions for pollutants removal.

Overall, the hybrid CW system had increased pollutant removal efficiency each year.

The whole system also performed high annual removal efficiency in SS and T. Coli.
from the beginning of operation. Totally, for all pollutants, the system performed
increasing removal efficiency, and it presented stable and high performance in recent

years.
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Fig. 3-3 Yearly pollutant inflow load (in) and outflow load (out), and the yearly removal

efficiency (RE) of Piggery-O.
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3.1.5 Pollutant removal efficiency in cold and warm period
Fig. 3-4 shows Piggery-O’s removal efficiency during the cold period (from Nov. to
Apr. of the following year) and warm period (from May to Oct.), with respect to T-N,

NH,-N, T-P, T-C, COD, BOD;, SS, and T. Coli. at each bed.

In the 1* Vr, it performed high removal efficiency for all the pollutants during both
cold and warm period. In the 2™ Vr bed, average removal efficiency for all pollutants
was higher in warm period than in cold period. But in the 3" bed, for T-N, NH,-N, and
TP, it had higher removal efficiency in cold period than warm period. That’s because in
warm period, 3" V received a large amount of pollutant load compared with in cold
period. Hence the calculated removal efficiency was lower in cold period. But for COD
and BOD;, the removal efficiency was similar in both periods even it received high
influent load in cold period, this was associated with that high influent load would load
to high removal (Kato et al., 2013a,b). In the 4™ H bed, removal efficiency for T-N,
NH,-N, T-C, COD, BODy, and SS was higher during the warm period. In the 5" V bed,
removal efficiency for NH,-N, T-P, T-C, COD, and BOD; was higher during the warm
period. Totally, N, T-C, COD, and BOD; removal varies in both warm period and cold
period. This could be explaied that processes such as ammonification, nitrification, and
denitrification involve temperature dependant microbial activities, so the removal

efficicency can vary by season (Kadlec, 2000).
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3.2 Dairy-G

3.2.1 System running conditions

Environmental parameters such as pH, DO, ORP, EC and water temperature as well as
flow rate at the inflow of each bed and final outflow of Dairy-G system was shown in
table 3-4. Water temperature in these systems varied from 8.9 + 54°C to 13.1 + 4.3°C.
The ORP at each inlet and final outlet was normally positive, with an average value
around 181 + 60 ~ 273 + 65 mV, and the lowest value presented in the influent of 4™ H.
The ORP condition was suitable for organic matter and N decomposition. In CWs,
process of organic pollutants break down depends on redox (oxidation-reduction)
conditions. High redox potential is associated with oxidized environment and promotes
aerobic processes such as nitrification. pH values at each bed ranged from 6.0 + 0.3 to
6.8 + 0.3. The pH dropped after wastewater passed through the 1* Vr, that might be a
large amount of NH,-N was nitrated, which reduced the pH. The DO varied between 2.1
+1.4~47+23mgeL", and highest value existed in the 1™ Vr. EC was as around 0.8 +

0.2 mSecm™. The original inflow flow rate of this system around 33.2 + 6.9 m’sd"'.

Table 3-4 Environmental parameters and flow rate in the inflow of each bed and final

outflow of Dairy-G.

1*Vr 2V 34V 4°H 5"V Out
pH 64+09 6.0+0.3 6.4+0.2 6.6£02 6.8+0.2 6.8+0.3
T °C 13.1+43 11.245.1 10.8+54 109463 89+5.7 89+54
DO mgelL' 47+£23 26+14 3.0+1.7 2.1x14 27«15 22+14
ORP mV 236+32  214+49 193+58 181+60 205+66 273+65
EC mSecm” 0.8+0.2 0.8+0.2 0.8+0.2 08+02 09+0.2 0.8+0.2

Flow rate  m’ed" 332469 37.6+8.6 37.1+69  39.5+8.4 40.3+8.7 40.6+9.0

Note: Average values represent mean + standard deviation.
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3.2.2 Pollutant purification efficiency

Dairy-G was monitored and evaluated during the five years of operation. Table 3-5
shows pollutant concentration at the inflow of each bed and final outflow, along with
overall purification efficiency in Dairy-G. Totally, Dairy-G performed high purification
efficiency although it received high content wastewater, especially a high level of COD
of 10,961 + 3,146 mgOL", which was much higher than inflow concentrations listed in
Vymazal’s review (2013). T-N concentration decreased gradually after wastewater
passed through each bed, with overall purification efficiency around 85 + 7%. The final
effluent T-N concentration was 45 + 24 mgeL"', which was below the 60 mgeL"
thresholds set by Japanese water quality regulators. The treatment tendency of NH,-N
was different with T-N treatment tendency. Dairy-G’s NH,-N concentration initially
increased after passed through the 1* Vr, and later decreased gradually in the subsequent
four beds. Dairy-G’s NH,-N removal pattern may be attributed to the high content of
Org-N in its influent. When incoming wastewater has high Org-N, ammonification
initiates the first step of N transformation (nitrification) in the subsurface flow wetland

systems (Saeed and Sun, 2012).

For T-P, the average inflow concentration was 60 + 18 mgOL’1 while the final

outflow concentration was 15 = 6 mgeL". Org-P and PO,-P decreased after passing

+

through each bed, and had a purification efficiency of 64 + 34% and 77 + 10%,

+

respectively. Dairy-G presented purification efficiency of 99 + 1% for SS, while for

T.Coli., it was 98 + 145%.
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Dairy-G presented high purification efficiency for COD and BOD; over 96 + 2%
and 98 + 1%. This indicated that this kind of hybrid system could perform well to treat

high organic content wastewater.

The composition of N and P in the inflow of each bed and final outflow is shown
in Fig. 3-5. Org-N took account of higher N composition in the original inflow
wastewater, and this percentage decreased after wastewater passed through each bed,
meanwhile, the content of NH,-N increased after passed though the 1* V bed. NO,-N
concentration didn’t vary much in the first four beds; this might indicated both
nitrification and denitrifcation worked effectively. Similar with Piggery-O system,
NO;-N concentration increased after the wastewater passed through the 5" V. In
Dairy-G, PO,-P was dominant in the original influent, and it decreased greatly after

passed through the 1* Vr.
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Fig. 3-5 The composition of N and P in the inflow of each bed and final outflow of

Dairy-G.
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3.2.3 Pollutant load, removal rate and removal efficiency

Original pollutant’s inflow load, final outflow load, removal rate and removal efficiency
of whole Dairy-G system is shown in table 3-6. In Dairy-G, the T-N inflow load was 3.4
+ 1.7 gem™ed', while the removal rate was 2.8 + 1.4 gem™ed"', with a removal efficiency
of 81 + 9%. For T-P, the influent loads were 0.7 + 0.3 gom’ZOd", while the removal rate
was 0.5 £ 0.2 gem™ed’', with a removal efficiency of 70 + 11%. The NH,-N removal rate
was negative in this system because that a large amount of NH,-N was produced by
decomposition of Org-N. Although the whole system received high inflow load of COD
and BODs;, it performed good removal rate of 118.4 + 57.1 gem™ed"' and 84.9 + 52.2
gem™ed”’, with high removal efficiencies more than 95%. For T.Coli., this system had
total removal efficiency around 80 + 183%. The SS removal efficiency was nearly

100%.

High removal efficiency of BODs and COD in this system might be concerned
with efficiency degradation of organic matter in V bed, which provided oxidized
conditions for aerobic degradation. Nitrification and denitrification was favoured

because of the present of DO and rich content of T-C in the influent of the wastewater.

Fig. 3-6 shows pollutant average influent load and effluent load at each bed, as
well as removal efficiency in Dairy-G. For T-N and T-P, the 1* V performed high
removal efficiency and received the high load. For T-C, COD, BOD;, after high
removal efficiency presented in 1* V, other four beds had stable and similar removal

efficiency. Totally, large amount of pollutants were removed in the 1* V except NH,-N.
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Table 3-6 Pollutant load in the original inflow (load in) and final outflow (load out),

total removal rate, and removal efficiency of Dairy-G.

T-N NH.,-N T-P COD BOD; SS
Load in gem’ed" 34x1.7 0.1£0.0  0.7+0.3 124.0+58.5 86.8+52.9 33.7+15.8
Load out gem?ed 0.6:0.4 03+02 02+0.1 5.6+2.8 19+15 05+03
Removal rate gem?ed 2.8+14 -02+0.2  0.5+0.2  118.4+57.1 84.9+522 33.2+15.6
Removal efficiency % 8119 -151£280 70+11 95+2 98+2 99+1
T-C PO,-P Org-P Org-N NO,-N
Load in gem?’ed 29.6£6.1 04+02  0.1£0.1  33x1.7 0.0£0.0
Load out gem?ed 22409 0.1+0.1  0.1£00 0.3+0.2 0.1+0.1
Removal rate gem’ed”’ 27.4+6.1 0.31+0.1 0.1£0.1 30+1.5 -0.1+0.1
Removal efficiency % 93+3 71£12 58+38 90+6 -
T.Coli.
Load in CFUem?ed" 2,640+7 426
Load out CFUem’ed" 54+64
Removal rate CFUem?ed" 2,106+6,764
Removal efficiency % 80+183

Note: Average values represent mean + standard deviation.
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3.2.4 Yearly removal performance
Fig. 3-7 shows the annual inflow load and final outflow load of T-N, NH,-N, T-P, T-C,
COD, BODq, SS, and T.Coli. in form of box-and-whisker diagrams, along with annual

removal efficiency of Dairy-G.

From the first year to the forth year, the median value of received T-N load was in
range of 2.17 - 2.99 gem™ed”, and it was 0.24 - 1.47 gem™ed"' in the effluent. Although
the removal efficiency had a slightly decrease in latest two years, it was still in a high
level. The system’s removal efficiency of T-P also decreased from 80% in the first year
to 69% in the forth year. This could be due to saturation of the river gravel’s adsorption
capacity over time. For T-C, COD, BOD;, and SS, Dairy-G presented high removal
efficiency from the beginning of operation. The removal of T.Coli. was not stable, this
was because that the hybrid system might provide suitable condition for T. Coli. growth,
hence the concentration of T. Coli. existed in this system varied greatly and as a result,

the calculation value varied greatly.
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47



3.2.5 Pollutant removal efficiency in cold and warm period
Fig. 3-8 shows the Dairy-G’s removal efficiency with respect to T-N, NH,-N, T-P, T-C,

COD, BODx, SS, and T.Coli at each bed during the cold period and warm period.

In this system, the removal of pollutants didn’t show much difference in both in
warm period and in cold period, they all presented high removal efficiency in two
periods except NH,-N and T. Coli.. For NH,-N, the removal efficiency was low, or even
negative. And for T.Coli., the extremely higher value affected the averaged removal

efficiency, as a result, the average removal efficiency of T.Coli. varied greatly.
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3.3 Dairy-S

3.3.1 System running conditions

Environmental parameters such as pH, DO, ORP, EC and water temperature as well as
flow rate in the inflow of each bed and final outflow of Dairy-S system was shown in
table 3-7. Water temperature in these systems varied from 6.9 + 5.3°C to 11.7 + 4.6°C.
The ORP was around 209 + 68 mV to 255 + 82 mV, which was suitable for nitrate
reduction (Faulwetter et al., 2009). pH maintained 6.6 = 0.6 to 6.9 + 0.5. The DO varied
between 1.8 + 1.2 and 2.0 £ 1.1 mgOL", which was lower compared with the other two
hybrid systems. The inflow flow rate of each bed was around 4.8 + 0.9 ~ 6.5 + 2.8 m’

d', compared with Dairy-G, Dairy-S received relatively lower water flow.

Table 3-7 Environmental parameters and flow rate in the inflow of each bed and final

outflow of Dairy-S.

1*V 2" Vr 3*H Out
pH 6.6£0.6 6.8+0.3 6.9+0.3 6.9+0.5
T °C 11.7¢#4.6 10.6£55 94+58 6.9+5.3
DO mgeL" 1.8+1.5 1.7+1.2 20+1.1 1.8+1.2
ORP mV 209+68 222+63 215+68 255+82
EC mSecm” 13+03 1.3+0.3 1.1£0.3 0.9+0.2

Flow rate m’ed" 48+09 5.0+1.1 52413 6.5£2.8

Note: Average values represent mean + standard deviation.
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3.3.2 Pollutant purification efficiency

Dairy-S was monitored and evaluated during nine years of operation. Table 3-8 shows
pollutant concentration in the inflow of each bed and final outflow, along with overall
purification efficiency of Dairy-S. The T-N concentration decreased gradually after
wastewater passed through each bed. The final outflow T-N concentrations for Dairy-S
was 22 + 15 mgeL", which also achieved the wastewater discharge standard set by
Japanese water quality regulators. Total purification efficiency was around 86 + 12%
for T-N, which was higher than Piggery-O and Dairy-G. For T-P, the average inflow
concentration was 26 + 11 mgeL" while the final outflow concentration was 7 * 3
mgeL"', with an average purification efficiency of 75 + 28%. Dairy S’s NH,-N treatment
tendency was similar with T-N treatment, NH,-N concentration decreased gradually in
the subsequent three beds, and NO;-N increased after passed through the first two V bed,
and then decreased after it passed through the 3" H, where the 3™ H provided suitable

condition for NO;-N denitrification.

Dairy-S received 3,752 + 2,071 mgeL"' COD and 1,446 + 590 mgeL"' BOD, the
purification efficiency was over 90%. T-C purification efficiency was 88 + 8%. SS and
T.Coli purification efficiency was near 100%. This indicated that this hybrid system

performed well in high organic matter content wastewater purification.

The composition of N and P in the inflow of each bed and the final outflow is
shown in Fig. 3-9. Org-N and NH,-N both took account of large amount of T-N

composition in the original inflow wastewater, and this percentage decreased after
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wastewater passed through each bed, the content of NO,;-N didn’t increase as much as it
increased in Piggery-O. PO,-P occupied higher percentage of T-P compared with Org-P
both in the influent and effluent, and the concentration of them decreased after passing

through each bed.

Table 3-8 Pollutant’s concentration in the inflow of each bed and final outflow, and the

purification efficiency of Dairy-S.

1V 2™ Vr 3" H Out PE
(%)
T-N mgeL" 159+60 83+35 47+29 22+15 86+12
NH,-N mgeL" 67+26 46128 28+26 1311 80+27
T-P mgeL" 26+11 19+7 146 7+3 75+28
COD mgeL" 3,752+2 071 1,151+824 539+466 208190  94+5
BOD; mgeL" 1,446+590 689+359 274+164 88+78 9414
SS mgeL" 652+478 126+139 45+56 13+15 98+4
T.Coli. g(ljl(.)];)lOOmL" 11,870+£22,559 5,884+10,248 1,406+1,574 112232  99+10
T-C mgeL" 1,192+621 450+269 255+168 140£72 8848
PO,-P mgeL" 2110 166 12+5 5+3 75+63
Org-P mgeL" 542 3+1 2+2 1+1 7519
Org-N mgeL" 9150 33+20 1610 8+6 91+8
NO;-N mgeL" 0.3+0.5 44+114 2.8+5.1 1.1x1.6 -

Note: Average values represent mean + standard deviation.
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Fig. 3-9 The composition of N and P in the inflow and final outflow at each bed of

Dairy-S.
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3.3.3 Pollutant load, removal rate and removal efficiency

Pollutant’s original inflow load, final outflow load, removal rate and removal efficiency
of whole Dairy-S hybrid system is shown in table 3-9. In Dairy-S, the inflow T-N load
was 1.2 + 0.5 gem™ed"', with removal efficiency of 82 + 15%. For T-P, the inflow load
was 0.2 £ 0.1 gom’z'd’l, while the removal efficiency was 64 + 29%, which was lower
than that of Piggery-O, this might be involved of the bed material used in this system,
compared with pumice gravel, the sand used in Diary-S had less P absorption ability.
The NH,-N removal efficiency was 74 + 28%. The whole system received inflow load
COD of 27.6+15.8 gem™ed ' and it performed good removal efficiency of 93 + 8%. For
BOD;, the whole system received load of 10.5 + 4.2 g°m’2°d’1, with the removal
efficiency of 92 + 7%. Totally, SS and T.Coli. had removal efficiency reached nearly

100%.

Fig. 3-10 shows average inflow load and outflow load, as well as removal
efficiency at each bed of Dairy-S. From this, we can see the received load and removal
efficiency of each bed obviously. The 1" V, 2™ Vr, and 3" H received decreasing
influent load of each pollutant, and they presented stable removal efficiency for T-N,
NH,-N, and T-P although there was slightly increase or decrease. For T-C, COD and SS,
the removal efficiency of each bed decreased slightly, while for BOD;, the removal
efficiency increased slightly. Totally, all beds performed positive and relatively stable
removal efficiency for pollutant removal except T. Coli.. The T.Coli. presented

obviously increased removal efficiency after passing through three beds.
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Table 3-9 Pollutant load in the original inflow (load in) and final outflow (load out),

removal rate, and removal efficiency of Dairy-S.

TN NH.,-N T-P COD BOD; SS
Load in gem’ed” 12+0.5 0.5+0.2  0.2+0.1 27.6£158 10.5+4.2 4.8+35
Load out gem’ed” 0202  0.1£0.1 0.1+0.1 20+19 0.8+09  0.1x0.2
Removal rate gem’ed’ 10+£0.5 04+0.2  0.1x0.1 25.6£153 9.7¢40  4.6+35
Removal efficiency % 82+15 7428 64+29 93+8 92+7 9745
T-C PO.-P Org-P Org-N NO;-N
Load in gem’ed” 8.5+47  0.240.1 0.04+£0.02 0.7+04  0.0+0.0
Load out gem’ed’ 12+0.7  0.1200  0.01x0.01 0.1+0.1 0.01+0.02
Removal rate gem?ed’ 73+44  0.120.1 0.02+0.02 0.6+04  -0.01+0.02
Removal efficiency % 8619 63142 64+33 88+13 -
T.Coli.
Load in CFUem?>ed"' 802+1,478
Load out CFUem?ed"' 15+45
Removal rate CFUem?ed"' 787+1,474
Removal efficiency % 100£165

Note: Average values represent mean + standard deviation.
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3.3.4 Yearly removal performance
Fig. 3-11 shows annual inflow and final outflow load levels of T-N, NH,-N, T-P, T-C,
COD, BODq, SS, and T.Coli. in form of box-and-whisker diagrams after nine years of

operation, along with annual removal efficiency of Dariy-S.

The T-N and NH,-N removal efficiencies were high in the first year and presented
increased tendency in the following years except in the second year and the eighth year.
In the winter of 8" year (2014), surface covering organic matters were removed partly
from the 1% V and 2™ Vr, hence the removal of TN, NH,-N, TC, COD, and BOD,
increased in the ninth year compared with eighth year. Dairy-S’s removal efficiency of
COD, and BOD; was around 90% in the first year after construction, and maintained

high value from the beginning of operation.

Dairy-S’s inflow load of T-P was small and stayed at a consistent level during
these four years, but T-P’s removal efficiency presented a decreasing tendency yearly.
This could be due to saturation of the sand’s adsorption capacity over time. The whole

system also performed well in the removal of SS and T.Coli..

Overall, the hybrid CW system had high and stable pollutant removal efficiency

year by year.
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3.3.5 Pollutant removal efficiency in cold and warm period
Fig. 3-12 shows the Dairy S’s removal efficiency at each bed during the cold period and

warm period.

In the 1* V bed, removal efficiency of NH,-N and COD was a little higher in warm
than in cold periods, for other pollutants, they presented similar removal efficiency
except T-P. While in the 2" Vr, T-N, NH,-N, T-P, T-C and COD had higher removal
efficiency in warm period compared with in cold period, while BOD;s, SS, and T.Coli.
had high and similar removal efficiency in cold and warm period. In the 3" H, T-C,
COD and BODy had relatively high removal efficiency in warm period than in cold
period, while for other pollutants, there were no obvious difference. Totally, the whole
system presented high and stable removal efficiency in both cold and warm period for

all pollutants removal at each bed.
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3.5 Discussions
3.5.1 Comparison of the performances of 3 hybrid systems
In the literatures, it generally shows that the overall purification efficiency for T-N was
83% (Molle et al.,2008), 79 ~ 86% for well functioning systems (Obarska-Pempkowiak,
2003), 64~79% (Kantawanichkul et al., 2003) and 61% (Vymazal, 2005), which is in
the same range compared with our systems. Mean while, in our hybrid system, they
received high content wastewater, which was extremely high compared with domestic
sewage (T-N less than 100 mgeL") (Vymazal and Kropfelovd, 2008; Molle et al., 2008)

The comparison of pollutant’s inflow load, outflow load, and removal efficiency of
three hybrid subsurface flow CWs was shown in Fig. 3-13. Totally, Piggery-O received
highest inflow T-N load of 11.2 + 7.5 gem™d"’, and Dairy-S presented highest T-N
removal efficiency. The total removal efficiency was around 71 ~ 82%. Compared with
other researches (Vymazal, 2013; Borin et al., 2013; Lee et al., 2004), these hybrid
subsurface flow CWs performed high removal efficiency for T-N removal. All systems
received high COD load, especially in Diary-G, where the inflow load was 124.0 + 58.5
gem™ed’. All of these three systems performed well for COD and BOD; removal since
the beginning of construction.

For T-P, these three systems performed removal rates of 0.9 + 0.8, 0.4 + 0.2, and
0.1 £0.1 gem™ed" of Piggery-O, Dairy-G, and Dairy-S, respectively. The latter findings
are similar with findings reported by Vymazal (2013). The different removal efficiency
might be attributed to the bed material used in these systems had different P absorption

capacity.
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As described in the previous sections, the initial milking parlour wastewater
contained large amount of Org-N compared with swine wastewater, where swine urine
wastewater contained greater amount of NH,-N. In Piggery-O, the greatly increase of
NO;-N indicated that nitrification happened in this system. For Dairy-G,
ammonification occurs and Org-N was decomposed into a large amount of NH,-N, and
then nitrification and denitrification both existed, and the concentration of NH,-N
decreased gradually as well as NO,-N. After passed through the 5" V in both Piggery-O
and Dairy-G, NO;-N increased because of the nitrification occurred. But for Piggery-O,
the T-N didn’t decreased after wastewater passed through the 5" V, another H bed
might be added to transform NO,-N into N gaseous if it is necessary. Overall, there was
no significant difference of COD and BOD; removal efficiency in both warm period
and cold period in every system. This could be expected on basis of findings reported
by Steinmann et al. (2003) and Akratos et al. (2007), which indicated that organic
matter removal was not significantly affected by temperature.

The efficiency of T-P removal was similar during both warm and cold periods. The
finding is consistent with a previous research, which indicates temperature does not
significantly influence T-P removal (Kadlec and Reddy, 2001). Wetlands do not provide
the direct metabolic pathway to remove P. Wetlands use physical, chemical, and
biological means to reduce P, adsorption of P through soil media is mostly used. In this
study, supersol (lightweight porous recycled glass) and pumiceous gravel was used as
effective bed material for P adsorption, this is temperature independent. A similar

conclusion was also observed in the study reported by Sharma et al., (2013), who
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studied the seasonal efficiency of a hybrid subsurface flow constructed wetland system.
And in his research, he also gave several examples that indicated the P removal had no

difference between cold and warm seasons.

63



(%) 34

v9

SMO

MO} 2orLINSQNS PLIGAY 931} JO (FY) AOUSIOJJ [BAOWAI pue ‘(INO) peOo[ MO[JINO ‘(ur) peo[ mopjur s juein[jod jo uostredwo)) ¢1-¢ ‘S|

Jdv INOm UIg IYvy NOm Ui Jdv INOm Ulg 3Yv INOm Ul 3Yv INOm UIo
S 9 0 S 9 0 S 9 0 S 9 0 S 9 0
0 _ _ 0 0 0 002- 0
ST
4 0¢€ — - e
STAN S o 09 o o o
| o9 & g Lg ook o 8
0s | Q 00LQ Q@ g Q
{ 06 3 3 -3 My 6 3
sr { 012 0S5 g < o =
¥ W =
00l — 0SL 002 00l ¢ 001 Gl




3.5.2 Correlations between parameters and pollutant’s removal efficiency

Pearson correlation coefficients were estimated by using SPSS 19.0 to evaluate

correlations between environmental parameters and removal efficiency.

Table 3-10 shows correlations between pollutant’s removal efficiency and
environmental parameters such as COD/T-N ratio, DO, T and pollutant concentration in

Piggery-O.

In Piggery-O, the removal efficiency of N, P, T-C, COD, BOD;, and T.Coli. might
had significant relationship with SS concentration at different bed stage, either negative
or positive, either at p < 0.05 level or p < 0.05. This might be explained that a large
amount of pollutants attached or contained to the particle existed in the wastewater, and

then was removed as SS.

The amount of DO might have had significant positive effect on NH,-N removal in
the 3" V of Piggery O, while the negative relationship presented in 4™ H. Some studies
indicated that effluent DO from a wetland is not necessarily a good indicator of the
wetland matrix’s aerobic/anaerobic conditions (Vymazal, 2008). There was a significant
negative correlation between COD/T-N ratio and NH,-N removal efficiency in this
system. This could be attributed to the fact that a high COD load would likely consume
oxygen for degradation, thereby affecting nitrification to some extent (Tanner and

Kadlec, 2003).

Table 3-11 shows correlations between pollutant’s removal efficiency and

environmental parameters such as COD/T-N, DO, T and pollutant concentration in
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Dairy-G.

In Dairy-G, T-N removal was firstly related with Org-N, which was predominated
in the original inflow, thus the DO had a negative removal relationship with N removal,
because Org-N was decomposed firstly and nitrification was inhibited or occurred in the
next step. Hence the DO had a negative relationship with T-N removal efficiency.
COD/T-N ratio varied greatly in this system, with a range between 11 in the 5" V to 166
in the 3" V. COD/T-N had a positive relationship with T-N removal in the 4" H, this
might be connected with the denirification existed in this bed, where organic compound

is necessary as electron donors for denitrfiication.

In Dairy-S, similar relationship was observed between COD/T-N ratio and T-N
removal efficiency, while the COD/T-N varied from 11 to 23. More details were

shown in Table 3-12.
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The COD/T-N ratio of Piggery-O was lower than for milking parlor wastewater,
thus the carbon deficiency maybe occurring in this system and carbon is becoming a
limiting agent of denitrification. Fig. 3-14 shows a relationship between concentrations
of NH,-N, NO,;-N, and T-C of Piggery-O. When organic compounds are insufficient,
denitrifcation may be limited. High concentration of NO;-N started to be seen at low
T-C. This may have happened because the denitrifying bacteria did not have enough
carbon to denitrify all NO;-N that were transformed from NH,-N. Therefore NH,-N
could be nitrified to N/O,-N, but NO;-N stayed in wastewater, without denitrification.

'7_., 3000
o = .
5 oo &
Ty ¢ ]
4
— 400
5
% 300 |
E 20 } ¥
Z {
o"’ 100 B .
Z o Lilias
[slelelele] OCOOOO slelelele] [sleolelele] olelelele]
eleolele] [eoleolele] elolele] [eolelele] olelele]
RT3 R3S RIBI REBS RSB
1st Vr 2nd Vr 3rdV 4th H 5th v Out
TC (mg L")

Fig. 3-14 Relationship between nitrogen concentration and T-C concentration in inflow

of each bed and final outflow of Piggery-O.
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Chapter 4 N balance assessment
4.1 Study site
With the purpose of a better understanding of N transform cycle in hybrid system, bed
material samples were taken to analysis N stored there.
In Piggery-O, August 2014, 3 samples were collected in the midrange of 1" Vr
uniformly, and 2 samples were collected in the center of 2" Vr, 3 V, 4" H, and 5" V.
For Dairy-S, 2 samples were collected in the 1™ V and 2™ Vr, and another 6 samples

were collected in 3™ H bed in June 2014.

4.2 Sampling and analysis
Bed materials were sampled by use of core sampler in Piggery-O and Dairy-S. The size
of cylindrical core sampler was 25 cm in height, with diameter of 10 cm.

After sampling, samples were firstly divided into different small samples on basis
of bed filter materials in lab. The surface layer including covering organic matters and
Supersol or ALC was also considered as a part of bed samples.

Later, samples were dried at 60 °C and the weight was recorded. After this,
samples were smashed into powder, and the N content was analyzed by detecting the
nitrogen composition percentage of the sample by use of Vario MAX CN analyzer. The
amount of N attached on the surface of gravel was analyzed by soaking the gravel into
the water for abundant length of time, and N content analysis methods is same with

section 2.4.
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4.3 Calculation
N mass stored in each bed materials is calculated as:
M= Mg X Py,

Where, m,;, is total mass of each kind of bed material, P, means N percentage of

each kind of bed material.

4.4 Results and discussions

As shown in table 4-1, N mass stored in each material layer at each bed of Piggery-O
was indicated, and the absorption ability of each material was also shown here. Average
N absorptivity of the bed materials was 5.16 kg N m” for organic matter, 1.31 kg N m”
for ALC, and 0.86 kg N m™ for porous pumice gravel, respectively.

As shown in Fig. 4-1, N balance analysis indicated that the surface organic matter
(Org-M) layer contained 36% of T-N that stored in beds, ALC took account of 22 %
T-N, while the T-N stored in porous pumice gravel was 42.0 %.

Fig. 4-2 indicated the amount of N contained at each bed of Piggery-O. The 1* Vr
and 2™ Vr stored large amount of N compared with the other beds.

Totally, the amount of N contained (stored) in bed material was 1,358 kg, took
account of 9% of the total N removed (15,579 kg) by whole Piggery-O system. The
transformation of received N at each bed was shown in Fig. 4-3, except N loaded out to
the next bed stage, N stored in bed layer was not large, and a large amount of N was
converted into N gaseous, and then released into atmosphere in form of N gaseous,
which indicated that denitrification was an important process for N removal in this

hybrid CWs treating piggery wastewater.
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Table 4-1 N composition, N contained mass, and N absorption ability of each bed

material layer of Piggery-O.

. Bed material N Mass of N absorption
Piggery-O layer composition Total mass contained N ability P
(%) (kg) (kg) (kgem™)
Org-M 1.14 11,191 128 3.20
1% Vr ALC 043 16,356 70 1.67
PG (L) 0.16 49,706 81 0.85
ALC 0.24 93,152 223 0.95
Org-M 1.65 10,419 172 5.70
2™ Vr PG (M) 0.27 49,092 133 1.22
PG (L) 0.20 70,200 139 0.92
Org-M 1.42 12,337 175 6.57
34V PG (S) 0.16 31,352 51 1.22
PG (M) 0.11 30,848 34 0.67
AvH PG (M) 0.11 49,621 56 0.71
PG (S) 0.13 42,285 57 1.07
Org-M 0.12 15,184 19 1.01
5"V PG (S) 0.10 1,332 1 0.46
PG (L) 0.10 16,906 18 0.65

Note: Org-M: organic matter. ALC: autoclaved lightweight aerated concrete. PG:

pumice gravel (L: large size; M: middle size; S: small size).

76



8%

36%
17%
Org-M ALC
17% PG(L) PG (M)
N
PG (S)

22%

Fig. 4-1 Percentage of N contained at each bed material layer against total N stored in
all bed (Piggery-O). Org-M: organic matter. ALC: autoclaved lightweight aerated

concrete. PG: pumice gravel (L: large size; M: middle size; S: small size.
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Fig. 4-2 Percentage of N contained at each bed against total N stored in all bed
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Fig. 4-3 N transformation at each bed of Piggery-O.
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N mass stored in each material layer at each bed of Dairy-S was shown in table 4-2.
Average N absorptivity of each material layer was 6.51 kg N m” for organic matter,
0.14 kg N m” for gravel, 3.19 kg N m” for clinker ash, and 0.20 kg N m™ for sand.

Fig. 4-4 indicated that in Dairy-S, Org-M layer stored a large amount of N, nearly
87% of N that stored in bed was contained in this layer. Among the Org-M layers of 3
beds, the Org-M layer of 1" V contained 690 kg of N stored in bed, nearly 80% (Fig.
4-5). This indicated the surface Org-M layer might be an un-negligible part for N
removal in hybrid system that treats milking parlor wastewater.

N transformations at each bed of Dairy-S was shown in Fig. 4-6, in the 1* V, 35%
of received N was stored in bed, while 15% was released into atmosphere. While in the
2" Vr and 3™ H, 35% and 39% of received N was released into atmosphere. This
indicated that denitrification occurred obviously in Dairy-S since a large percentage of
N gaseous released. Totally, the bed material stored nearly 48% of N removed by

Dairy-S.
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Table 4-2 Total mass, N contained mass, and N absorption ability of each bed materials
of Dairy-S.

Mass of N absorption

Dairy-S  Bed material layer ~ N composition  Total mass contained N ability

(%)  (mgeg") (kg (kg) (kgem™)
Org-M+ Supersol ~ 3.37 - 20,490 690 17.18
v Gravel - 0.08 73,422 6 0.14
Gravel - 0.05 68,065 3 0.08
Org-M 0.45 - 6,473 29 1.71
2" Vr  Clinker ash 0.38 - 12,963 49 3.19
Gravel - 0.11 143,712 16 0.20
3y Org-M+ ALC 0.07 - 53,652 40 0.64
Washed sand 0.05 - 79,575 36 0.20

Note: Org-M: organic matter. ALC: autoclaved lightweight aerated concrete

6% 4%

3% \‘

¥ Org-M

& Gravel
Clingker ash

& Sand

7%

Fig. 4-4 Percentage of N contained at each bed material layer against total N stored in

all bed (Dairy-S) Org-M: organic matter.
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Fig. 4-5 Percentage of N contained at each bed against total N stored in all bed
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Fig. 4-6 N transformation at each bed of Dairy-S.
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Chapter 5 Conclusions

After years of operation, all three systems of Piggery-O, Dairy-G, and Dairy-S
performed high treatment efficiency for pollutant removal and wastewater purification.
The purification efficiency of these systems varied because of the system design and
inflow wastewater concentrations were different. Totally, all systems performed high
COD and BOD; purification efficiency even they received high strength wastewater.
The purification efficiency of T-N was 72 + 9%, 85 + 7%, and 86 + 12 of Piggery-O,
Dairy-G, and Dairy-S, respectively.

For T-P, the Piggery-O had highest purification efficiency of 91 + 6% compared
with 75+ 9% and 75 = 28% of Dairy-G and Dairy-S. The different purification
efficiency could be attributed to the material used in the bed. The porous pumice gravel
used in the Piggery-O system presented high P absorption ability compared with others.

The yearly pollutant removal of each system presented stable and high removal
efficiency for COD and BOD;. T-N removal in Piggery-O performed an increasing
tendency year after year since construction, meanwhile, the T-P removal maintained
high removal from the beginning. In contrast, T-N removal in Dairy-S performed high
removal efficiency from the first year of construction, but for T-P, there was a decreased
removal tendency after years of operation, this might be explained by the saturated P
absorption of bed material used in Dairy-S. Totally, pollutant removal efficiency of
these three hybrid systems was high compared with other researches.

N removal mechanisms varied in different hybrid systems, which was concerned

with the system’s conditions such as DO and N composition. In Piggery-O, the original
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inflow wastewater contained large amount of NH,-N, as a result, NH,-N was converted
into NO;-N by nitrification, and then into N, by denitrification. While the organic
matter was limited, NO,-N was accumulated in the 5" bed. But in Dairy-G, the original
inflow wastewater contained large amount of Org-N. Hence the Org-N decomposition
occurred firstly, and the nitrification was inhibited in the first step, thus the NH,-N
firstly increased and then decreased according to nitrification.

The N transformation of received N at each bed of hybrid systems also performed
varied style in Piggery-O and Dairy-S. For Piggery-O, N stored in bed layer was not
large, and nearly 91% of N removed by whole system was released in form of N
gaseous, while only 9% of removed N was stored in the bed, this indicated
denitrification was an important process for N removal in Piggery-O. In contrast, in
Dairy-S, 48% was removed N was stored in bed material, and 52% was released in to
atmosphere. Among which, surface Org-M layer might be an un-negligible part for
hybrid system in N removal. Which indicated in Dairy-S, not only denitrifation, but also

adsorption of organic matter layer was an important method for N removal.
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